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Active neurons have a high demand for energy substrate, which is thought to be mainly supplied as lactate by astrocytes. Heavy lactate
dependence of neuronal activity suggests that there may be a mechanism that detects and controls lactate levels and/or gates brain
activationaccordingly.Here,wedemonstrate that orexinneurons canbehave as such lactate sensors.Usingacutebrain slicepreparations
and patch-clamp techniques, we show that themonocarboxylate transporter blocker-cyano-4-hydroxycinnamate (4-CIN) inhibits the
spontaneous activity of orexin neurons despite the presence of extracellular glucose. Furthermore, fluoroacetate, a glial toxin, inhibits
orexin neurons in the presence of glucose but not lactate. Thus, orexin neurons specifically use astrocyte-derived lactate. The effect of
lactate on firing activity is concentration dependent, an essential characteristic of lactate sensors. Furthermore, lactate disinhibits and
sensitizes these neurons for subsequent excitation. 4-CIN has no effect on the activity of some arcuate neurons, indicating that lactate
dependency is not universal. Orexinneurons showan indirect concentration-dependent sensitivity to glucose below1mM, respondingby
hyperpolarization, which is mediated by ATP-sensitive potassium channels composed of Kir6.1 and SUR1 subunits. In conclusion, our
study suggests that lactate is a critical energy substrate and a regulator of the orexin system. Together with the known effects of orexins
in inducing arousal, food intake, and hepatic glucose production, as well as lactate release from astrocytes in response to neuronal
activity, our study suggests that orexin neurons play an integral part in balancing brain activity and energy supply.
Introduction
The brain, although comprising only 2% of body weight, is
responsible for 25% of total body glucose utilization, necessitat-
ing a continuous supply from the periphery (Magistretti et al.,
1995). This is thought to be ensured by the glucose homeostatic
mechanism involving “glucosensors” that exist in the hypothal-
amus and brainstem (Levin et al., 2004; Marty et al., 2007). Glu-
cosensing neurons are excited [glucose excited (GE)] or inhibited
[glucose inhibited (GI)] by extracellular glucose and induce ap-
propriate counterregulatory responses to restore glucose ho-
meostasis (Levin, 2001). Glucosensing in certain GE and GI
neurons depends on glucokinase, a critical enzyme that catalyzes
glycolysis (Lynch et al., 2000; Dunn-Meynell et al., 2002; Kang et
al., 2004; Balfour et al., 2006), suggesting that glucose metab-
olism is directly involved in their electrophysiological re-
sponse to glucose.
Although someneurons clearly use glucose, astrocytes seem to
be the main cell type that metabolizes glucose in the active brain,
providing neurons with lactate as an energy substrate (Pellerin
and Magistretti, 1994; Pellerin et al., 2007). Because of the heavy
lactate dependence, it is plausible that the brain has mechanisms
to monitor lactate levels and control energy substrate levels. Me-
diobasal hypothalamic GE neurons not only respond to glucose
but also to lactate, suggesting that they may also act as lactate
sensors (Yang et al., 1999; Ainscow et al., 2002). However, as
glucose and lactate do not always fluctuate in tandem within the
brain, it is important to determinewhether neuronal sensors exist
that have selective sensitivity to lactate.
Orexin neurons induce food intake (Sakurai et al., 1998) and
regulate autonomic functions (Ferguson and Samson, 2003), in-
cluding stimulation of hepatic glucose production (Yi et al.,
2009). Furthermore, these neurons play an important role in
wakefulness (Hagan et al., 1999; Sakurai, 2007) through wide-
spread projections to major arousal-related cell groups (Date et
al., 1999). Therefore, orexin neurons are well suited to correlate
brain activity and energy supply. Previous studies show that
orexin neurons are GI, inhibited by increases and excited by de-
creases in extracellular glucose in a metabolism-independent
manner (Yamanaka et al., 2003; Burdakov et al., 2005, 2006). This
glucose effect is acute and mostly short-lived, as the majority of
orexin neurons adapt to the new glucose level within severalmin-
utes (Williams et al., 2008). This suggests that orexin neurons
sense rapid changes rather than the absolute concentration of
glucose. However, the time course of glucose fluctuations is not
rapid in the lateral hypothalamus where orexin neurons are lo-
cated (Voigt et al., 2004), and it remains uncertain how orexin
neurons respond to slower and longer changes in glucose levels.
Furthermore, orexin neurons lack detectable levels of glucoki-
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nase (Dunn-Meynell et al., 2002) and are excited by lactate
(Gonza´lez et al., 2008), indicating that these neuronsmay rely on
lactate as amain energy source. Here, we demonstrate that orexin
neurons do not directly sense glucose but instead detect
astrocyte-derived lactate, which is translated into varying levels of
neuronal activity. Our results provide insight into how orexin
neurons may integrate the energy status of the brain as lactate
sensors and orchestrate coordinated physiological responses.
Materials andMethods
All experiments were performed following the guidelines set out by the
Canadian Council on Animal Care and approved by the Memorial
University Institutional Animal Care Committee. Male Sprague Daw-
ley rats (60–70 g) were obtained from the breeding colony at Memo-
rial University and C57BL/6NCrl mice (3–4 weeks) from Charles
River Laboratories.
Electrophysiology. Animals were deeply anesthetized with halothane
and decapitated, and brains were quickly removed. Coronal hypotha-
lamic slices (250 m) were sectioned in ice-cold artificial CSF (ACSF)
composed of the following (inmM): 126NaCl, 2.5 KCl, 1.2NaH2PO4, 1.2
MgCl2, 25 NaHCO3, 2 CaCl2, 2.5 glucose, pH 7.3–7.35. After dissection,
slices were incubated in ACSF at 32–35°C for 30–45 min, and then at
room temperature until recording. ACSFwas continuously bubbledwith
O2 (95%)/CO2 (5%).
Patch-clamp recordings were performed on brain slices perfused with
ACSF at 1.5–2ml/min, 32–35°C, using aMulticlamp 700B amplifier and
pClamp 9.2 (Molecular Devices). The glucose concentration used for
recording was 2.5 mM unless otherwise noted. The internal solution for
conventional whole-cell recordings contained the following (inmM): 123
K-gluconate, 2 MgCl2, 8 KCl, 0.2 EGTA, 10 HEPES, 4 Na2-ATP, 0.3
Na-GTP, pH 7.3. Na2-ATP was omitted for the ATP-free internal solu-
tion. In a subset of experiments, the composition of ACSF and internal
solution were as previously described (Burdakov et al., 2006; Gonza´lez et
al., 2008). For these experiments, the ACSF consisted of the following (in
mM): 125NaCl, 2.5KCl, 2MgCl2, 2CaCl2, 1.2NaH2PO4, 21NaHCO3, 10
HEPES, 1.0 glucose, pH 7.3. The intracellular solution consisted of the
following (in mM): 120 K-gluconate, 10 KCl, 0.1 EGTA, 10 HEPES, 4
K2ATP, 1Na2ATP, 2MgCl2, pH 7.3. For perforated patch-clamp record-
ings, nystatin (0.45 mg/ml final) and pluronic acid were dissolved in
DMSOand added to an internal solution that contained the following (in
mM): 120 K-gluconate, 5 MgCl2, 10 EGTA, and 40 HEPES, pH 7.3. Bio-
cytin (1–1.5mg/ml)was also included in the conventional whole-cell and
nystatin internal solutions for post hoc immunohistochemical phenotyp-
ing. To aid biocytin entry into nystatin-perforated cells, a positive cur-
rent was applied for 2–5 min after experimentation (Hirasawa et al.,
2003). Cell-attached patch experiments used a 150 mM NaCl pipette
solution. After cell-attached experiments, cells were repatched in
whole-cell mode for electrophysiological and immunohistochemical
characterization.
Orexin neurons displayed spontaneous firing as well as Ih, low-
threshold spike and minimal spike adaptation in response to 300 ms
negative and positive current steps (200 to200 pA in 100 pA incre-
ments). These characteristics were clearly distinguishable from those of
melanin-concentrating hormone (MCH) neurons that were also local-
ized in the same region (Eggermann et al., 2003; Alberto et al., 2006).
Furthermore, the presence or absence of action potential firing immedi-
ately after the offset of a hyperpolarizing current step was used to differ-
entiate D- and H-type orexin neurons, respectively (Williams et al.,
2008). A total of 148 of the recorded cells that had typical electrophysio-
logical characteristics of orexin neurons was successfully filled with bio-
cytin, and of these, 134 cells (90.5%) were orexin A immunopositive.
Because of the high success rate of deducing the neurochemical pheno-
type from the electrophysiological criteria, these criteria were used for
identifying orexin cells for additional analysis. Voltage-clamp experi-
ments were performed at a holding potential of70 mV. In a subset of
cells, voltage ramps (140 to 0mV in 1.4 s or140 to20 in 0.6 s) were
applied to determine current–voltage relationships. To examine the ef-
fect of positive current injection on the firing activity, a current ramp
from 0 to 100 pA was applied over 5 s in current-clamp mode.
Immunohistochemistry. Immunohistochemical phenotyping of re-
corded neurons was performed as previously described (Alberto et al.,
2006). Briefly, immediately after recording, sections were fixed in 10%
formalin for48 h, and then treatedwith amixture of goat anti-orexin A
(1:2000; Santa Cruz Biotechnology) and rabbit anti-MCH (1:2000;
Phoenix Pharmaceuticals) antibodies for 3 d at 4°C, followed by cyanine
(Cy)3-conjugated donkey anti-goat, Cy2-conjugated donkey anti-rabbit,
and streptavidin-conjugated AMCA (7-amino-4-methylcoumarin-3-
acetic acid) (1:500; Jackson ImmunoResearch). For immunohisto-
chemical analysis of Kir subunits, fresh-frozen sections (10–15 m)
of rat brains were fixed with 4% paraformaldehyde for 5 min, and
then treated sequentially with antibodies in the following order: rabbit
anti-Kir6.1 (1:100; Alomone Labs) or rabbit anti-Kir6.2 (1:100; Santa
Cruz Biotechnology), 2 d at 4°C; Cy2-donkey anti-rabbit (1:500), 5 h at
room temperature; goat anti-orexin A (1:1000), overnight at 4°C; Cy3-
donkey anti-goat (1:500), 3 h at room temperature. Immunofluores-
cence was visualized using a confocal microscope (FV300 scan head,
BX50WI upright microscope; Olympus). Cy2 and Cy3 signals were
scanned sequentially through a three-section stack in z-step increments
of 1m.The three images were stacked together using Fluoview software
(Olympus), saved as separate Cy2 andCy3 images, whichwere combined
in Corel PaintShop Pro Photo XI. Minor adjustments were made in
PaintShop to optimize brightness and contrast.
Data analysis. Action potential frequency, membrane potential, and
holding current were measured using Mini Analysis 6.0 (Synaptosoft)
and Clampfit 9.2 (Molecular Devices). Data are expressed as mean 
SEM. Instantaneous action potential frequency was calculated as the
inverse of each action potential interval. A 15%or greater change in firing
frequency was considered significant for individual cells. Statistical tests
used included one-way ANOVAs for multiple-group comparisons and
paired and unpaired Student’s t tests for two-group comparisons.
Tukey’s multiple-comparison tests were performed when ANOVA
found significance. A value of p 0.05 was considered significant. Cal-
culation of the EC50 was performed by fitting the experimental data with
the sigmoidal dose–response equation (variable slope) using Prism 4
(GraphPad).
Drugs. The 1000 aliquots of drugs were diluted with ACSF to the
final concentration immediately before each experiment. All drugs were
obtained from Sigma-Aldrich, except glibenclamide and pinacidil (Toc-
ris Bioscience) and tetrodotoxin (TTX) (Alomone Labs). Tolbutamide
was dissolved in DMSO with a final DMSO concentration of 0.1%.
Results
Orexin neurons selectively use lactate to fuel
spontaneous activity
To determine whether lactate is preferentially used by orexin
neurons, we used -cyano-4-hydroxycinnamate (4-CIN), a
specific inhibitor of monocarboxylate transporters (MCTs),
which are responsible for lactate transport across the plasma
membrane. In cell-attached mode, the spontaneous firing of
orexin neurons was significantly inhibited by 0.5 mM 4-CIN
[control (CTL), 2.6 0.4 Hz, vs 4-CIN, 0.7 0.9 Hz; p 0.05;
n  6] (Fig. 1A).
To further establish the role of lactate, we tested whether or
not exogenous lactate is sufficient to support the firing activity of
orexin neurons in the absence of glucose. First, extracellular glu-
cose was removed for 20min to determine the behavior of orexin
neurons in glucose-free conditions. Cell-attached recordings re-
vealed a complete but reversible cessation of firing activity in 9 of
10 cells (Fig. 1B), indicating that glucose is necessary for sponta-
neous activity. Results were similar regardless of the baseline glu-
cose being 2.5 or 10 mM; thus, data were combined. Inhibition
induced by glucose deprivation had a relatively long latency
(13.6 1.2 min) that did not differ from that of the 4-CIN effect
(14.6  2.1 min; p  0.05). In perforated-patch whole-cell re-
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cordings, hyperpolarization was induced by 0 mM glucose in the
presence of 1 M TTX (n  2) (Fig. 1C), suggesting a direct
postsynaptic effect. In an additional four cells that were silenced
by the lack of glucose, lactate (5 mM) completely restored their
firing activity (119.8 38.4% of baseline firing frequency) (Fig.
1D). Because lactate can be used as a fuel by both neurons and
astrocytes (Tabernero et al., 1996; Ainscow et al., 2002), it is
possible that the lactate effect on neuronal firing activity was
mediated by neighboring astrocytes taking up lactate, which in
turn stimulated neurons. To test this possibility, we tested ace-
tate, which is used by astrocytes but not neurons (Waniewski and
Martin, 1998). Acetate should mimic lactate if astrocytes are re-
sponsible formetabolizing andmediating the lactate effect. How-
ever, bath application of acetate (5mM) was unable to reverse the
silencing effect of glucose deprivation on orexin neurons (n 3)
(Fig. 1E), indicating that astrocytes did not mediate the excita-
tory effect of lactate on orexin neurons.
Astrocytes are also known as the major cell type that metabo-
lizes glucose and releases lactate into the extracellular space
(Pellerin andMagistretti, 1994). Therefore, we hypothesized that
orexin neurons depend on lactate released endogenously by as-
trocytes. To test this hypothesis, hypothalamic slices were pre-
treated with the glial toxin fluoroacetate
(FAC) (5 mM; 50–80 min). During the
final 20 min, glucose was removed to de-
plete any existing energy substrates. Then,
either glucose (1–2.5 mM; n  11) or
equicaloric lactate (2–5 mM; n  9) was
applied in the continuing presence of
FAC, at which time the firing rate was ex-
amined using conventional whole-cell
patch clamp. The control group only re-
ceived glucose deprivation for 20 min fol-
lowed by glucose restoration (n  7). As
shown in Figure 2, we found that FAC
prevented glucose from reversing the fir-
ing activity of the orexin neuron to the
control level. In contrast, exogenous lac-
tate after glucose deprivation completely
restored the firing rate in FAC-treated
cells. Together, these data suggest that,
within the slice preparation, lactate is
necessary and sufficient to maintain the
spontaneous activity of orexin neurons
and that glucose is converted to lactate en-
dogenously by astrocytes.
ATP-sensitive potassium channels
mediate lactate sensing
ATP-sensitive potassium (KATP) chan-
nels are prime candidates thatmediate the
lactate effect on firing frequency and
membrane potential (Ashford et al., 1990;
Song et al., 2001). Using perforated patch-
clamp recordings, we found that the
hyperpolarization induced by glucose de-
privation (from46.7 1.0 to61.1
4.6 mV; n  4; p  0.05) (Fig. 3A) was
blocked by glibenclamide, the KATP
channel blocker, suggesting that KATP
channels mediate the hyperpolarization.
In fact, in every cell tested, glibenclamide
unmasked a depolarization (from44.9
1.3 to33.6 2.3mV in glucose-free condition; n 5; p 0.001)
(Fig. 3B), which led to irreversible cell damage that could not be
rescued even with 10 mM glucose up to 60 min. The fact that
glibenclamide-treated cells appeared unable to survive a 20min glu-
cose deprivation period suggests a neuroprotective role of KATP
channels in orexin neurons during severe energy depletion. To con-
firm the role of lactate in the glucose deprivation effect, we tested the
KATP channel blocker tolbutamide (1 mM) on the 4-CIN-induced
inhibition of orexin neurons as seen in Figure 1A. We found that
tolbutamide significantly attenuated theeffectof 0.5mM4-CIN(n
4) (Fig. 3C).
Interestingly, we found that the activity of arcuate neurons of
an unknown phenotype was independent of lactate uptake. A 20
min application of 4-CIN (0.5 mM) had no effect on the firing
frequency of arcuate neurons recorded using perforated patch
clamp (n  4) (Fig. 3C,D), whereas 20 min glucose deprivation
induced a depolarization similar to that seen in orexin neurons
when KATP channels are blocked (Fig. 3B,D). Thus, lactate
availability is monitored by KATP channels in orexin neurons
and lactate preference is at least somewhat unique to this partic-
ular phenotype.
Figure 1. Lactate is necessary and sufficient to maintain basal levels of spontaneous activity in orexin neurons. A, Representa-
tive time–effect plot showing an inhibitory effect of 4-CIN on the firing frequency of an orexin neuron in the presence of 2.5 mM
glucose. B, Representative experiment showing an inhibitory effect of complete glucose deprivation. C, Glucose deprivation
induces a TTX-insensitive reversible hyperpolarization. D, E, The 0 mM glucose effect is completely reversed by lactate (D) but not
by acetate (E).
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Kir6.1 and SUR1 subunits comprise KATP channels in
orexin neurons
KATP channels are composed of four identical pore-forming
subunits (Kir6.1 or 6.2) and four identical modulatory sulfonyl-
urea subunits (SUR1, 2A, or 2B). Double immunofluorescence
labeling was conducted to determine the subunit composition of
KATP channels in orexin neurons, which revealed the expression
ofKir6.1 but notKir6.2 (Fig. 4A–F). Furthermore, using conven-
tional whole-cell recordings, we found that 0.2mMdiazoxide, the
SUR1/2B-containingKATP channel opener, induced an outward
current (n 11) (Fig. 4G,I). The diazoxide-induced current was
sensitive to the KATP channel blocker glibenclamide (n  5)
(Fig. 4 I), insensitive to TTX (n 3) (Fig. 4G), and reversed near
the potassium equilibrium potential (87.6  1.4 mV; n  4)
(Fig. 4H). In contrast, the SUR2A/2B-containing KATP channel
opener pinacidil (0.25–0.75 mM) had no effect (n 8) (Fig. 4 I).
Thus, KATP channels in orexin neurons are composed of Kir6.1
and SUR1 subunits.
To confirm the metabolism-dependent modulation of KATP
channels in orexin neurons, we manipulated intracellular ATP
levels. Conventional whole-cell recordings with an ATP-free pi-
pette solution were used to dilute cytosolic ATP. This induced a
glibenclamide-sensitive outward current in 5–15 min after
break-in (n  5) (Fig. 4 J). Furthermore, to inhibit metabolism,
the mitochondrial uncoupler carbonylcyanide m-chloropheny-
lhydrazone (CCCP) (2M) was bath applied, which resulted in a
sustained outward current in both conventional and perforated
whole-cell configurations (n 12). The effect of CCCP was also
blocked by glibenclamide (n 5) (Fig. 4 J). These results suggest
that KATP channels expressed in orexin neurons are sensitive to
the metabolic state of the cell.
Orexin neurons are lactate sensors
Lactate sensors need to be capable of detecting differences in
lactate concentrations within a certain range and converting
these differences into specific output signals. To determine
whether orexin neurons have the characteristics of lactate sen-
sors, conventional whole-cell recordings were performed on
orexin neurons in hypothalamic slices incubated (20min) with
various concentrations of lactate in the absence of glucose (n 4
for each concentration). The effect of lactate on the firing ratewas
found to be concentration dependent (EC50 2.1mM) (Fig. 5A),
indicating that these neurons can act as lactate sensors.
Next, we asked whether physiologically relevant glucose con-
centrations were converted to distinct endogenous levels of lac-
tate. Glucose concentrations were changed from 2.5 to 1 mM in
0.5 mM increments, a range that corresponds to meal-to-meal
fluctuations in the brain (Routh, 2002). Slices were allowed to
adjust to each concentration for 30–60 min while the spontane-
ous firing frequency of orexin neurons was analyzed using con-
ventional whole-cell mode. Using this paradigm, we found that,
on average, the firing activitywas independent of glucose concen-
tration (n  9–12) (Fig. 5B). Nonetheless, the firing frequency
varied among different orexin neurons, leaving a possibility that
some neurons increased or decreased their firing in response to
glucose fluctuations. To test this possibility, we repeatedly mon-
itored the activity of individual orexin neurons in cell-attached
mode while gradually decreasing the extracellular glucose con-
centration from 2.5 to 1 mM (n 3) or increasing from 1 to 2.5
mM (n 2) in 0.5mM increments. Again, there was no difference
in the activity within this range (Fig. 5C,D).
Figure 2. Astrocytes supply lactate to support the spontaneous activity of orexin neurons.
A, Sample traces of action potentials from representative orexin neurons in the presence of
glucose (GLU)or lactate (LAC) innontreated (CTL) or FAC-treated slices. Groupeddataare shown
in B. *p 0.05. n.s., Nonsignificant. Error bars indicate SEM.
Figure 3. KATP channels mediate hyperpolarization induced by a lack of energy substrate.
A, Representative current-clamp trace showing a spontaneously active orexin neuron silenced
by glucose-free ACSF. B, KATP channel blockade prevents the hyperpolarization induced by 0
mM glucose. Note that glibenclamide unmasks a depolarization. The bottom panels show ex-
panded traces taken at time points denoted by a– c. C, KATP channel blockade with tolbut-
amide (Tol) attenuates the inhibitory effect of 4-CIN in orexin neurons (filled bars). In contrast,
4-CIN alone has no effect on the firing frequency of neurons in the arcuate nucleus (hollow bar).
D, Current-clamp traces fromone of the recorded arcuate neurons. These neurons do not respond to
4-CIN (middle panel) but cannotmaintain healthy actionpotentialswhen facedwith 20minglucose
deprivation (GD) (bottompanel). *p 0.05; **p 0.01. Error bars indicate SEM.
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We then sought to determine whether the lack of changes in
firing activity between 1 and 2.5 mM glucose was because the
endogenous lactate level had reached a plateau at 1mM glucose or
because the ability of orexin neurons to convert lactate availabil-
ity into firing frequency was saturated. Since 4-CIN is a compet-
itive blocker that competes against lactate for MCTs, using a
lower concentration of this compound allowed us to monitor
relative levels of endogenous lactate (Bro¨er et al., 1999). Brain
slices were incubated in ACSF with 1 or 2.5 mM glucose, in com-
bination with a lower concentration of 4-CIN for 30–60 min. As
shown in Figure 5E, conventional whole-cell recordings revealed
that 4-CIN (0.1 mM) had no significant effect at 2.5 mM glucose
(n 19 for 2.5 mM glucose alone; n 13 for 2.5 mM glucose/0.1
mM 4-CIN), whereas the same concentration of 4-CIN in com-
bination with 1 mM glucose significantly decreased the firing rate
of orexin neurons (n  21 for 1 mM glucose; n  11 for 1 mM
glucose/0.1 mM 4-CIN). Cells incubated with 1 mM glucose and
0.1 mM 4-CIN were depolarized by tolbutamide, suggesting that
the low or lack of activity in this condition is attributable to the
activation of KATP channels (n  2) (Fig. 5F). These findings
suggest that 2.5 mM extracellular glucose results in more endog-
enous lactate release compared with 1 mM glucose. However, a
steady firing frequencywithin this glucose range in the absence of
4-CIN (Fig. 5B–D) indicates that the metabolism-sensing mech-
anism involving KATP channels is saturated at1mM glucose in
our preparation. In support of this, only one of eight cells re-
sponded with an excitation when lactate (5 mM; 4–5 min) was
applied in addition to 2.5 mM glucose (data not shown).
Orexin neurons are less excitable in low extracellular glucose
Brain glucose levels are known to drop as low as 0.2 (Silver and
Erecinska, 1994) and 0.7 mM (de Vries et al., 2003) during
insulin-induced hypoglycemia and overnight fasting, respec-
tively. Thus, we also tested the effect of glucose concentrations
1 mM for 20 min with cell-attached patch and found a reduc-
Figure 4. KATP channel composition in orexin neurons. A–C, Immunofluorescence labeling
of orexin A (red) (A) and Kir6.1 (green) (B) displays colocalization (C). D–F, Immunofluores-
cence labeling of orexin A (red) (D) and Kir6.2 (green) (E) displays a lack of colocalization (F ).
G, Diazoxide induces anoutward current in thepresence of TTX. The arrows indicate the times of
voltage ramp applications.H, Current–voltage relationship of the diazoxide-induced response,
generated by subtracting the current response to voltage ramps in the baseline condition from
that in the presence of diazoxide. The inset denotes the voltage ramp protocol used. I, Grouped
data showing diazoxide (Dz) and pinacidil effects on orexin neurons. Diazoxide effect was sig-
nificantly blocked by glibenclamide (Glib). J, Outward currents are also induced by postsynaptic
dialysis with ATP-free internal solution (0 ATP) and CCCP. These currents are significantly
blocked by glibenclamide. *p 0.05; ***p 0.005. Error bars indicate SEM.
Figure 5. Orexin neurons are lactate sensors. A, Firing rate is sensitive to the level of extra-
cellular lactate. Glucose-free ACSF was used for these experiments. B, Firing rate of orexin
neurons in various glucose concentrations as indicated. Firing rate remained consistent from 1
to 2.5mM glucose. C, Repeatedmonitoring of the same neurons also reveals a lack of sensitivity
to glucose fluctuation between 1 and 2.5 mM. D, Sample traces from one of the recorded neu-
rons in C. E, A low concentration of 4-CIN significantly inhibits orexin neurons in 1 mM
glucose (GLU) but not in 2.5 mM. F, Cells exposed to 0.1 mM 4-CIN and 1 mM glucose are
readily depolarized by bath application of tolbutamide. **p 0.01. n.s., Nonsignificant.
Error bars indicate SEM.
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tion in action potential frequency (Fig.
6A,B). The effect was concentration de-
pendent (EC50  0.59 mM) (Fig. 6C),
which was mainly attributable to a greater
proportion of cells responding as the ambi-
ent glucose concentration became lower: 9
of 10 cells to 0mM, 4 of 5 to 0.5mM, 3 of 7 to
0.75mM, and 0 of 5 cells to 1mM (Fig. 6D).
Increasing glucose from2.5 to 10mM for 20
min had no effect on firing frequency (n
5) (Fig. 6C,D). For those that responded,
the latency to inhibition was independent
of glucose concentration (Fig. 6E). Thus,
KATPchannels inorexinneurons canbeacti-
vated by the low range of physiologically rele-
vant glucose concentrations.
An increase in membrane resistance
because of lactate-induced closure of po-
tassium channels can be expected tomake
orexin neurons more sensitive to subse-
quent stimulations. To test this idea, the
response of orexin neurons to positive
current injections was recorded in the ab-
sence or presence of lactate (5 mM). Hy-
pothalamic slices were initially incubated
in 0.5 mM glucose for at least 20 min to
activateKATP channels. In this condition,
an incremental current injection through
the conventional whole-cell recording pi-
pette (from 0 to 100 pA over 5 s) induced
a gradual increase in firing frequency in every cell tested. When
lactate was applied, both the baseline activity (without lactate,
0.2 0.1 Hz; with lactate, 2.3 0.7 Hz; n 8; p 0.05) and the
rate of increase in firing frequency during current injection
(without lactate, 0.10 0.025 Hz/pA; with lactate, 0.13 0.020
Hz/pA; n  8; p  0.05) became significantly higher (Fig. 7).
These data demonstrate that low availability of energy substrate
not only decreases the basal firing rate of orexin neurons but also
blunts their excitability to subsequent inputs.
Short-term glucose effect
The inhibitory effect demonstrated above had relatively long la-
tencies (10min). In contrast, it has been shown that an increase
or decrease in extracellular glucose induces a robust inhibition or
excitation, respectively, within several minutes in the majority of
orexin neurons examined (Yamanaka et al., 2003; Burdakov et
al., 2005). Thus, the short-term effect (2–5 min) of glucose re-
corded with cell-attached patch was also analyzed. Surprisingly,
no robust or consistent short-term effects were seen in our hands
(Fig. 8A; supplemental Fig. 1, available at www.jneurosci.org as
supplementalmaterial), even with the same combinations of glu-
cose concentrations, ACSF, and/or internal solution as previ-
ously reported (Burdakov et al., 2006; Gonza´lez et al., 2008) (Fig.
8B). We also tried dissolving glucose immediately before exper-
iments to increase the proportion of - over -anomer, since
glucose powder contains predominantly-D-()-glucose, which
converts to -D-()-glucose over a few hours in solution, reach-
ing equilibrium of :  36:64. However, this made no differ-
ence. As previous reports used mice (C57BL/6 background)
(Yamanaka et al., 2003; Burdakov et al., 2005; Guyon et al., 2009),
we also examined orexin neurons in 3- to 5-week-old C57BL/
6NCrl mice and again observed no robust inhibition in response
to glucose increases from 1 to 5 mM (Fig. 8B). Nonetheless,
switching from10 to 0mM induced amodest excitation (Fig. 8B,C),
providing some support for the GI response in mouse orexin neu-
rons. The inhibitory effect of long-term 0 mM glucose application
was also observed in mice (n  3) (Fig. 8C), albeit with a longer
latency compared with rats (Fig. 8D), suggesting this is a common
phenomenon in both species, but more sensitive in rats.
We also considered the functional heterogeneity of orexin
neurons. It has been proposed that orexin neurons located in the
lateral hypothalamus (LH) (lateral to the fornix) are functionally
distinct from those in the perifornical area (PFA) (dorsal and
dorsomedial to the fornix) (Harris and Aston-Jones, 2006). Fur-
thermore, individual orexin neurons have been characterized as
either D- or H-type depending on the presence or absence, re-
spectively, of action potentials immediately on relief from a hy-
perpolarizing current step. These subpopulations have been
shown to display different responses to glucose (Williams et al.,
2008). Thus, we investigated whether the cell location or electro-
physiological type determined the short-term response to glucose in
the present study. Orexin neurons that were nonresponsive to glu-
cose were found in both the LH and PFA and consisted of both D-
and H-type (Fig. 8E). In contrast, all responders (GE and GI) were
found in the PFA and all but one (six of seven) were H-type orexin
neurons. Therefore, in our hands, 6 of 12H-type cells that existed in
thePFA responded to short-termglucose changes,whereas only 1 of
16 D-type cells in LH or PFA responded. It remains to be seen
whetherH-typeneurons in theLHalso respond in the samemanner
because of the low total number of this neuron type examined.
Discussion
Orexin neurons prefer lactate over glucose as an
energy substrate
The present study demonstrates that orexin neurons depend on
astrocyte-derived lactate as theirmain energy supply. Blockade of
Figure6. Orexin neurons are less active in lowglucose concentrations.A,B, Representative experiments showing that decreas-
ing extracellular glucose from 2.5 to 0.5 (A) or to 0.75 mM (B) inhibits spontaneous firing. C, Concentration–response curve fitted
to the average firing frequency of orexin neurons. Baseline frequency in 2.5mMglucosewas used to normalize data.D, Percentage
of orexin neurons inhibited by a 20 min shift in glucose concentration. E, Latency to inhibition is independent of final glucose
concentration. Error bars indicate SEM.
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MCTs mostly attenuates the spontaneous firing of these neurons
despite the presence of glucose, suggesting that lactate uptake
through MCTs is required. Thus, our study supports the astro-
cyte–neuron shuttle hypothesis that proposes the importance of
astrocyte-derived lactate as a neuronal fuel (Pellerin and Magis-
tretti, 1994). The excitatory effect of lactate on the firing fre-
quency was concentration dependent, suggesting that orexin
neurons are lactate sensors capable of detecting differences in
extracellular lactate levels. Almost exclusive dependence on lac-
tate indicates that orexin neurons can be influenced by not only
the absolute levels of brain glucose but also the efficiency of glucose
conversion to lactate, lactate release by astrocytes, and uptake by
neurons, for example, during excitatory transmission (Pellerin and
Magistretti, 1994), oxidative stress (Liddell et al., 2009), high-fat diet
(Pierre et al., 2007), andhypoxia (Ve´ga et al., 2006).Nonetheless, we
cannot overlook the possibility that energy substrates additional to
lactatemay act as a significant fuel source for orexin neurons in vivo,
which deserves future investigation.
KATP current was found to underlie the reduced excitability.
In the absence of glucose and KATP current, orexin neurons
develop irreversible depolarization, suggesting that lactate is also
necessary for maintaining normal membrane potential and that
KATP channels play a neuroprotective role. These results are
similar to the effects of hypoxia on substantia nigra neurons,
where activation of KATP current induces hyperpolarization in
wild-type neurons, whereas depolarization develops in Kir6.2-
knock-out neurons (Yamada et al., 2001).
Orexin neurons can temporarily maintain activity in the ab-
sence of an extracellular energy source, as it takes 10–20 min for
glucose deprivation or 4-CIN to take effect. This may be attrib-
utable to astrocytes continuing to release lactate or neurons hav-
ing their own energy store. The former is unlikely, since
disconnecting the lactate shuttle from astrocytes to neurons with
4-CIN does not curtail the latency. Therefore, it appears that
orexin neurons have an endogenous supply to support them-
selves. It has been estimated that neurons contain20 mM intra-
cellular lactate (Walz and Mukerji, 1988), which may be a
provisional energy substrate.
Technical considerations
Although perforated and cell-attached patch-clamp methods
were essential for the present study, conventional whole-cell
mode was also used. It allowed us to characterize the electrophys-
iological properties andmonitor the basal activity from a number
of orexin cells within a limited time frame. Importantly, in our
Figure7. Lactate increases theexcitability of orexinneurons.A, Typical responses topositive
current ramps from 0 to 100 pA (5 s) in low-energy (LE) (0.5mM glucose) and high-energy (HE)
(0.5 mM glucose plus 5 mM lactate) conditions. B, Instantaneous firing rate of a representative
cell during the incremental current injection for LE (filled circles) orHE (hollowcircles) condition.
C, Grouped data showing average firing frequency in 10 pA bins. Error bars indicate SEM.
Figure 8. Lack of consistent short-termglucose effects on action potential firing.A, Normal-
ized firing frequency of rat orexin neurons during the acute phase (2–5 min) of a new glucose
concentrationas indicated, fromabaselineof 2.5mM. For the0mMexperiments, a subsetof cells
was exposed to a baseline of 10 mM glucose. B, Normalized firing frequency of orexin neurons
after glucose changes as indicated in rats (filled circles) and mice (hollow circles). For experi-
ments on rats, ACSF and pipette solutionswere adapted from previous studies (Burdakov et al.,
2006; Gonza´lez et al., 2008). C, D, Glucose deprivation-induced inhibition is also present in
mouse orexin neurons, albeitwith a longer latency comparedwith rats (D). Glucose deprivation
exceeding 20 min was tested on some mouse orexin neurons. E, Schematic of recorded orexin
neurons in a hemisected hypothalamus showing the location, electrophysiological type (D vs H)
and short-term responsiveness to glucose. Bilateral and anteroposterior dispersal is collapsed
into one map to display the distribution pattern relative to the fornix and the third ventricle.
Only cells of which the location could be clearly identified by post hoc immunofluorescence
labeling are shown. Fx, Fornix; MT, mammillothalamic tract; OT, optic tract; III, third ventricle.
The dotted lines denote the lateral border between the perifornical area and lateral hypothal-
amus. ***p 0.001. Error bars indicate SEM.
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hands, the baseline firing rates in 2.5 mM
glucose during the first 1.5 min of whole-
cell recordings (n  19) were not signifi-
cantly different from those in stable (5
min) cell-attached recordings (n  42;
p  0.05) (supplemental Fig. 2, available
at www.jneurosci.org as supplemental
material). This suggests that the whole-
cell configuration did not influence the
firing activity at least for the first 1.5 min,
consistent with a previous report (van den
Top et al., 2007). To further support our
contention that whole-cell recordings did
not affect our result, we found that ATP-
free internal solution took at least 5 min
after break-in to have any effect on the
holding current. Furthermore, different
concentrations of lactate were found to
induce distinct firing rates in whole-cell
mode. Thus, it is unlikely that, during the
period in which our recordings were
taken, ATP in the recording pipette would
have significantly influenced the mem-
brane potential and firing frequency.
Consideration of discrepancies in
the literature
Previous reports have demonstrated an
acute inhibitory effect of glucose on ama-
jority of orexin neurons (Burdakov et al.,
2005; Gonza´lez et al., 2008; Guyon et al.,
2009), whereas others suggest that orexin neurons are not or not
always inhibited by glucose (Liu et al., 2001;Muroya et al., 2001).
We did not find a consistent short-term effect despite testing
various recording methods and accounting for a number of vari-
ables, regardless of the location or electrophysiological properties
of orexin neurons. Our results support a previous proposal that
hypoglycemia-induced excitation of orexin neurons in vivo is
attributable to an indirect mechanism (Cai et al., 2001).
Since studies showing a consistent GI effect used mice,
whereas others, including ours, have found otherwise using rats,
the discrepancymay stem from a species difference. However, on
investigation of mouse neurons, only a modest GI effect was de-
tected if any. Importantly, glucose deprivation also activated
KATP channels in mice, albeit with a longer latency than rats.
Therefore, the properties of orexin neurons in different species
may not be identical. Also, there may be developmental changes
in glucose sensitivity. Studies demonstrating the GI response
used brain slices from 2- to 4-week-old mice (mostly 2–3 weeks)
(Burdakov et al., 2005, 2006; Gonza´lez et al., 2008; Guyon et al.,
2009), whereas we used 3- to 4-week-old mice and rats.
The inhibitory and excitatory effects of glucose are not neces-
sarily exclusive of each other, because the GI effect is observed at
concentrations 1 mM (Burdakov et al., 2005), whereas the
KATP channel-mediated effect is activated below 1 mM. Under
certain conditions in which both mechanisms are functional, it
should result in a parabolic relationship between extracellular
glucose concentration and firing frequency of orexin neurons.
KATP channels mediate energy sensing in orexin neurons
Neuronal inhibition in glucose-free conditions has been de-
scribed as a “ubiquitous” (Mobbs et al., 2001) “run-out-of-fuel”
phenomenon, distinct from glucosensing (Gonza´lez et al., 2009).
However, we failed to see any hyperpolarizing response to either
MCT blockade or prolonged glucose deprivation in arcuate neu-
rons, suggesting that hyperpolarization is not a universal re-
sponse to glucose depletion. Additionally, we found that orexin
neurons show a concentration-dependent response to low but
physiologically relevant glucose concentrations.
GE neurons in the ventromedial hypothalamus and arcuate
nucleus metabolize glucose and produce ATP, which results in
the modulation of KATP channels that mediate the glucosensi-
tivity (Ashford et al., 1990;Miki et al., 2001; Kang et al., 2006; van
den Top et al., 2007). These neurons are also excited by lactate,
suggesting that they are in fact glucose/lactate sensors (Yang et al.,
1999; Ainscow et al., 2002). Despite possessing the same type of
ion channels, orexin neurons differ from these typical glucosen-
sors. First, our study shows that orexin neurons do not detect
glucose directly, likely because of a lack of glucokinase (Dunn-
Meynell et al., 2002). Second, the indirect glucose sensitivity sat-
urates above 1 mM glucose. It remains to be seen whether this
concentration dependence differs in other conditions such as
synaptic activation or hypoxia in which lactate production is en-
hanced (Pellerin and Magistretti, 1994; Ve´ga et al., 2006). Third,
glucosensing neurons typically express Kir6.2/SUR1 channels
(Levin et al., 1999; Miki et al., 2001), whereas orexin neurons
express Kir6.1/SUR1 channels, similar to glucose-receptive neu-
rons in the ventromedial hypothalamus (Lee et al., 1999). Since
Kir6.2 is more sensitive to metabolic state than Kir6.1 (Gribble et
al., 1997), a Kir6.1/SUR1may be less sensitive than Kir6.2/SUR1.
Finally, the output of orexin neurons differs from typical anabolic
or catabolic neurons.Orexin neurons increase both energy intake
and expenditure (Sakurai, 2007), whereas glucose homeostatic
neurons inversely regulate energy intake and expenditure. To-
gether, despite the presence of functional KATP channels, the
Figure 9. Orexin neurons as lactate sensors. Schematic drawing depicting a potential mechanism for matching energy sub-
strate supply and brain activity based on the present study and available literature. High levels of brain activity (1) activates orexin
neurons via stimulation of astrocytic glucosemetabolism and lactate release (2) aswell as excitatory transmission (3). Lactate and
glutamate signaling are integrated and reflected on the firing rate of orexin neurons (4). Activation of orexin neurons maintains
brain activity and arousal (5), increases hepatic glucose production via the sympathetic nervous system (6), and stimulates food
intake (7). Increased glucose in the circulation enters the brain where it may be taken up by astrocytes (8) to provide additional
lactate as anenergy substrate for orexin (9) or other neurons (10). Additionally, glucosemaybeuseddirectly as anenergy substrate
in other types of neurons (11). Orexin neurons are thus central to the proposed positive-feedback mechanism between energy
availability, arousal, and brain activity.
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influence of energy substrates on orexin neurons is different from
previously described glucosensors, and it is unlikely that these
neurons are involved in counterregulatory responses for glucose
homeostasis.
Physiological significance
We have demonstrated that lactate disinhibits and primes orexin
neurons for excitation (i.e., increases spontaneous firing and the
sensitivity to a given excitatory input, respectively). As glutamate
stimulates lactate production in astrocytes (Pellerin and Magis-
tretti, 1994), our result indicates that excitatory inputs fromother
brain areaswould have a dual excitatory effect on orexin neurons.
Also, since orexin neurons coexpress glutamate (Rosin et al.,
2003), an activated orexin neuron may trigger a lactate-
mediated positive feedback and recruitment of other orexin
neurons. Furthermore,MCTs are proton/monocarboxylate sym-
porters, meaning lactate release accompanies local decline in ex-
tracellular pH. Since orexin neurons are excited by low pH
(Williams et al., 2007), lactate combinedwith a drop in pHwould
be expected to have additive excitatory effects. Together, it ap-
pears that excitatory synaptic inputs activate orexin neurons
more effectively when accompanied by lactate that signals ade-
quate energy supply. Activated orexin neurons, in turn, will pro-
mote or maintain wakefulness, and increase food intake and
hepatic glucose production. Thus, we propose that orexin neu-
rons play an essential role in gating brain activation in accordance
with energy supply and activating physiological responses to
meet the energy demands of elevated brain activity (Fig. 9). In-
deed, extracellular lactate in the brain reaches a higher concen-
tration during the active/awake phase compared with the
inactive/sleep phase (Shram et al., 2002), and the discharge of
orexin neurons follows a strikingly similar pattern (Lee et al.,
2005; Mileykovskiy et al., 2005).
In conclusion, our study highlights lactate as an important
regulator of the orexin system. Lactate is not only an energy sub-
strate but also a paracrine factor that signals the levels of brain
activity and fuel availability to orexin neurons. KATP channels
play a critical role in this astrocyte–orexin neuron coupling,
while also providing neuroprotection. Additional investigation
of lactate sensorswithin theCNS is essential for a full understand-
ing of the role of lactate in brain energetics.
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